Background
Cervical cancer (CC), one of the 4 most malignant neoplasms arising from cells in the cervix uteri, is among the top causes of death from cancer in women in many developing countries [1] . The prevention of cervical cancer, including human papillomavirus (HPV) vaccination and HPV-screening programs, has been developed, resulting in increased protection against cervical cancer [2] . Furthermore, during the last decades, significant progress has been made in the treatment of CC using novel agents to inhibit the angiogenesis process. Unfortunately, around 15-61% of patients develop a recurrence in lymph nodes or distant sites within the first 2 years of completing treatment and the prognosis for these patients remains poor [3] .
Fucoxanthin is obtained from the chloroplasts of brown seaweeds, and can be metabolized to fucoxanthinol by digestive enzymes in the gastrointestinal tract. Previous studies have highlighted the role of fucoxanthin in exerting anti-mutagenic, anti-obesity, anti-diabetic, anti-inflammatory, anti-oxidation, and anti-neoplastic actions [4] . Biological activities of fucoxanthin in cancers have been investigated by many researchers [5] [6] [7] [8] [9] [10] . Numerous studies on fucoxanthin in cancers have considered fucoxanthin as an effective anticancer drug due to its anti-proliferative behavior in various types of cancer, such as glioma cancer [11] , breast cancer [12] , lung cancer [13] , colon cancer [14] , and colorectal cancer [15] . However, few studies have investigated molecules and pathways that can be modulated and regulated by fucoxanthin in cancer cells.
TRAIL is a member of the TNF superfamily, which is mainly expressed in the immune system [16] . TRAIL can selectively trigger apoptosis in tumor cells without influencing the functions of normal cells [17] . TRAIL has the ability to circumvent the chemoresistance of conventional therapeutics and to interact with self-renewal pathways in cancer stem cells (CSCs). Then, the therapeutic efficacy is severely compromised in cancer cells because of low sensitivity of cancer cells to TRAIL [18] . Therefore, it is important to identify the mechanisms underlying this lack of sensitivity and to develop strategies that increase the sensitivity of cancer cells to TRAIL.
Our previous study has shown that fucoxanthin suppresses tumor growth in vivo and induces significant apoptosis in HeLa cells [19] . The present study was undertaken to evaluate the molecular mechanisms of fucoxanthin and TRAIL against human cervical cancer cells. We found that fucoxanthin could improve the sensitivity of human cervical SiHa cells to TRAIL. These findings have also improved our understanding of the role of fucoxanthin and TRAIL in human cervical cancer cells, and revealed a potential mechanism of fucoxanthin-mediated PI3K/Akt and NF-kB suppression in human cervical cancer cells.
Material and Methods

Cell culture
The human cervical cancer cell lines HeLa, SiHa, and CaSki (ATCC, Manassas, VA, USA) were cultured in RPMI 1640 medium containing 10% (v/v) fetal bovine serum, 10 mmol/L hydroxyethyl piperazine ethanesulfonic acid, 2 mmol/L L-glutamine, 50 μmol/L b-mercaptoethanol, 1μmol/L sodium pyruvate, 10 μg/mL streptomycin, and 100 U/mL penicillin (Gibco, New York, NY, USA) at 37°C in a humidified atmosphere of 5% CO 2 in air.
Cell proliferation assay
The endogenous effects of TRAIL on cell viability were evaluated using the XTT Cell Viability Assay Kit (Sigma, USA). Briefly, human cervical cancer cell lines HeLa, SiHa, and CaSki at a density of 2.0×10 4 /mL was seeded in medium on 96-well plates. When cells attained 65% confluency, they were treated with TRAIL at concentrations of 0, 5, 10, 50, and 100 ng/mL. After 48 h of culture, cells in each well were added with 100 μL fresh medium and 25 μL XTT solution. After 5 h of incubation, cell viability in each well was estimated at a wavelength of 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).
Flow cytometry
Human SiHa cervical cancer cells seeded onto a 96-well plate were treated with fucoxanthin (0.5 μmol/L), TRAIL (100 ng/mL), and fucoxanthin (0.5 μmol/L) plus TRAIL (100 ng/mL) for 48 h, and cell apoptotic rate was measured by flow cytometry method according to the manufacturer's instructions. Briefly, human SiHa cervical cancer cells were collected and fixed in 70% ethanol for 30 min. Then, cells were stained with 50 μg/mL FITC, Annexin V, and PI (BD Biosciences, San Jose, CA, USA), respectively. Cell apoptotic rate was analyzed using a FACScanVantage SE (BD Biosciences, San Jose, CA, USA).
Western Blot analysis
Western blot was used to analyze protein expression of PI3K, Akt, p-Akt, NF-kB (p65), and pIkBa after human SiHa cervical cancer cells were treated with fucoxanthin (0.5 μmol/L), TRAIL (100 ng/mL), and fucoxanthin (0.5 μmol/L) plus TRAIL (100 ng/mL) for 48 h. In brief, proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Then, the membranes were blocked in 5% non-fat milk for 2 h at room temperature and incubated at 4°C overnight with polyclonal anti-PI3K (1: 1000 diluted), Akt (1: 1000 diluted), pAkt (1: 2000 diluted), NF-kB (p65) (1: 1000 diluted), and pIkBa (1: 500 diluted). Five different antibodies were purchased from Cell Signaling Technology (MA, USA). After antibody incubation, the membranes were washed and immunoblotted with HRP-conjugated anti-rabbit IgG antibody (diluted 1: 1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 37°C for 30 min. The membranes were then exposed to X-ray film. b-actin was used to ensure adequate sample loading for all Western blots and its antibody was purchased from R&D SYSTEMS INC (Minneapolis, MN, USA). Band density was quantitated using Image J software (National Institutes of Health, Bethesda, MD, USA).
Real-time RT-PCR
After human SiHa cervical cancer cells were treated with fucoxanthin (0.5 μmol/L), TRAIL (100 ng/mL), and fucoxanthin (0.5 μmol/L) plus TRAIL (100 ng/mL) for 48 h, the expressions of Bax and Bcl2 in cells were measured by RNA preparation and quantitative reverse transcription polymerase chain reaction (RT-PCR). Total cellular RNA isolation (Invitrogen, Carlsbad, CA, USA) and Real-time RT-PCR analysis (Qiagen, Valencia, CA, USA) was conducted according to the manufacturer's instructions. The reaction was run at 1 cycle of 50°C for 2 min and 94°C for 15 min, followed by 40 cycles of 94°C for 15 s, 58°C for 30 s, and 72°C for 30s. Specific primer sequences were synthesized in BIOSUNE Biological Technology Corp (Shanghai, China), and shown as follows: Bax, forward: 5'-GAGAGGTCTTTTTCCGAGTGG-3', reverse: 5'-CCTTGAGCACCAGTTTGCTG-3'; Bcl2, forward: 5'-GGCGCACGCTGGGAGAAC-3', reverse: 5'-TAGCGGCGG GAGAAGTCGTC-3'; and GADPH, forward: 5'-CAAGGTCATCCATG ACAACTTTG-3', reverse: 5'-GTCCACCACCCTGTTGCTGTAG-3'.
Caspase-3 activity analysis
After human SiHa cervical cancer cells were treated with fucoxanthin (0.5 μmol/L), TRAIL (100 ng/mL) and fucoxanthin (0.5 μmol/L) plus TRAIL (100 ng/mL) for 48 h, caspase-3 activity was analyzed using the Caspase-3 Activity Assay Kits according to the manufacturer's instructions. Briefly, the reaction buffer and the specific enzyme DEVD-pNA were added to each cell plate and further cultured in an incubator for 1 h at 37°C. The developed colorimetric reaction was measured at 405 nm in a 96-well Bio-Rad 680 microplate reader (Bio-Rad, Hercules, CA, USA).
Statistical analysis
Statistical analysis was carried out with one-way analysis of variance (ANOVA) and t test using SPSS17.0 software (SPSS, Chicago, IL, USA). Values are expressed as means ± standard deviation (SD). The mean values and standard deviations were calculated from 3 independent experiments. Differences were considered statistically significant at P<0.05.
Results
Effects of TRAIL on cell viability in human cervical cancer cells
The human cervical cancer cell lines Hela, SiHa, and CaSki were treated with TRAIL at concentrations of 0, 5, 10, 50, or 100 ng/mL for 48 h, and cell viability was detected using the XTT assay. We found that different concentrations of TRAIL could reduce cell viability of Hela, SiHa, and CaSki in a dose-dependent manner, but the effects were different. Treatment of SiHa cells with TRAIL at a concentration of 100 ng/mL (the highest level used in this study) decreased cell viability by approximately 14.6%. In contrast, treatment of Hela and CaSki cells with TRAIL, even at the lowest level of 5 ng/mL, dramatically reduced cell viability, and 100 ng/mL TRAIL showed a 68.5% and 63.3% decrease in cell viability, respectively (P<0.05) (Figure 1 ). The results above indicate that SiHa cells are highly resistant to TRAIL-induced cell death, which were selected and used in the following studies.
Fucoxanthin increased the apoptosis induced by TRAIL in human cervical cancer SiHa cells
To evaluate the biological effect of fucoxanthin on TRAILtreated human SiHa cells, cell apoptosis was determined by flow cytometry. We found that the apoptotic rate of TRAILtreated SiHa cells (14.29%) was higher than that in the control cells (10.68%). Co-treatment with TRAIL and fucoxanthin caused about a 3.6-fold increase in the proportion of apoptotic cells in comparison with TRAIL-treated SiHa cells ( Figure 2A) .
Next, the expression of the apoptotic indicators Bax and Bcl-2 was determined by RT-PCR, and the activity of caspase-3 were further examined by Caspase-3 Activity Assay Kits. Results in Figure 2B suggest that mRNA expression of Bax was promoted while the expression level of Bcl-2 was inhibited by fucoxanthin or TRAIL alone in comparison with the control (P<0.05). After SiHa cells were co-treated with fucoxanthin and TRAIL, up-regulation of Bax expression and down-regulation of Bcl-2 expression were more significant compared to fucoxanthin or TRAIL-treated cells (P<0.01). Furthermore, the activity of Caspase-3 was significantly increased in fucoxanthin, TRAIL, and fucoxanthin plus TRAILtreated groups compared to the control group (P<0.05), and the effect in fucoxanthin plus TRAIL was more significant (P<0.01) ( Figure 2C ). Fucoxanthin promoted TRAIL-induced apoptosis in TRAIL-resistant human cervical cancer SiHa cells.
Fucoxanthin inhibited the activation of the PI3K/AKT/NFkB pathway induced by TRAIL in human cervical cancer SiHa cells
To understand the molecular mechanism involved in TRAIL and fucoxanthin functions, the alterations in protein expression of 14 PI3K, AKT, p-AKT, NF-kB, and p-IkBa in SiHa cells treated with fucoxanthin, TRAIL, or fucoxanthin plus TRAIL for 48 were assessed using Western blot analysis ( Figure 3A) . Relative band ratio analysis found that fucoxanthin, TRAIL, or fucoxanthin plus TRAIL showed no obvious effects on protein expression of PI3K, AKT, and NF-kB (p65). TRAIL alone promoted the protein expression level of p-AKT and p-IkBa, suggesting activation of the PI3K/AKT/NF-kB pathway. Moreover, fucoxanthin induced a marked decrease in protein expression of p-AKT and p-IkBain SiHa cells (P<0.05), and a TRAIL-induced decrease was less significant after SiHa cells were co-treated with fucoxanthin and TRAIL ( Figure 3B ). We found that fucoxanthin attenuated phosphorylation of AKT and IkBa expression activated by TRAIL, indicating that fucoxanthin suppressed the PI3K/AKT/ NF-kB pathway activated by TRAIL in SiHa cells.
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The PI3K/AKT/NF-kB signaling pathway was involved in fucoxanthin and TRAIL-induced cell apoptosis in human cervical cancer SiHa cells
To assess whether fucoxanthin or TRAIL exerted its functions by altering the PI3K/AKT/NF-kB signaling pathway, cell viability and apoptosis were investigated after blocking the PI3K/AKT/NFkB signaling pathway using inhibitors LY49002 and PDTC in human cervical cancer SiHa cells. The protein expression of PI3K ( Figure 4A ) and p65 ( Figure 4B ) was significantly down-regulated by LY49002 and PDTC, respectively (P<0.05), indicating the good efficiency of inhibitors LY49002 and PDTC. Furthermore, compared to the fucoxanthin-TRAIL-treated group without inhibitors, after inhibition of PI3K/AKT or NF-kB signaling, fucoxanthin, TRAIL, and fucoxanthin together with TRAIL showed little changes in the apoptotic rate ( Figure 4C ), Bax ( Figure 4D ) and Bcl-2 expression ( Figure 4E ), and Caspase-3 activity ( Figure 4F ) in human cervical cancer SiHa cells (P<0.05). Taken together, these results strongly indicate that the PI3K/ AKT/NF-kB signaling pathway is required for fucoxanthin-and TRAIL-triggered inhibition of cell viability and promotion of cell apoptosis in human cervical cancer SiHa cells.
Discussion
Combination drug therapies have proved to be important in cancer therapy. Exploration of the underlying molecular mechanisms in the synergistic effects achieved by various chemotherapeutic agents would be useful in developing combination therapeutics to improve the prognosis of cancer patients. In this study, the effects of TRAIL and fucoxanthin combination treatment were investigated. We found that combination treatment of TRAIL and fucoxanthin resulted in increased apoptosis and enhanced TRAIL sensitivity in TRAIL-resistant human cervical cancer SiHa cells. The combination of TRAIL and fucoxanthin might overcome TRAIL resistance in human cervical cancer SiHa cells and would be an effective therapeutic strategy human cervical cancer.
TRAIL has become a potential therapeutic drug for cancers, but effects are different between TRAIL-sensitive cancer cells and TRAIL-resistant cancer cells. TRAIL was sensitive to various types of cancer cells, including prostate and bladder cancer cells [20] and myeloma cell line RPMI 8226 [21] , and significantly decreased cell proliferation rate in these cancer cells. Moreover, not all cancer cells are susceptible to TRAIL-mediated cell apoptosis. TRAIL is resistant to cancer cells such as myeloma cell line U266, triple-negative breast cancer cells [22] , colorectal cancer HT-29 cells [23] , hepatocellular carcinoma Huh-7 cells [24] , and thyroid cancer cells [25] . In the present study, we found that TRAIL showed high sensitivity to human cervical cancer cell lines HeLa and CaSki, and heavily inhibited cell viability in 2 kinds of cell lines. In contrast, TRAIL had low sensitivity to SiHa cells. TRAIL-based combination therapy approaches have therefore been introduced as a novel strategy against resistance. Therefore, we used another antitumor drug, fucoxanthin, to promote the sensitivity of SiHa cells to TRAIL. The effects of fucoxanthin on cell viability in cancer cells, such as colon, bladder, lung, prostate, leukemia, and breast cancer cells, have been reported by numerous researchers [6, 15, [26] [27] [28] [29] [30] . MTT analysis results showed that fucoxanthin inhibited the proliferation of bladder cancer T24 cell line in a dose-and time-dependent manner by the up-regulation of p21 at low doses and by upregulation of cleaved caspase-3 at high doses [13] . Fucoxanthin promoted apoptosis and reduced cell proliferation, migration, and invasion of human glioma cancer cell line U87 and U251 through Akt/mTOR and p38 suppression [11] . Antitumor activity of fucoxanthin isolated from U. pinnatifida against human leukemic HL-60 cells showed significant inhibitory effects on cell proliferation in a dose-dependent manner [26] .
Apoptosis plays an important role in keeping the balance between cell proliferation and cell death. Drugs used to induce cell apoptosis have been considered as efficient for cancer therapy [30, 31] . Activated caspase-3 plays a crucial role in the extrinsic and intrinsic pathways of apoptosis [32] . Bcl-2 is identified as a potent suppressor of apoptosis [33] . In this study, we also proved that fucoxanthin promoted cell apoptosis, showing as higher caspase-3 activity and Bax expression. Fucoxanthin arrested cell cycle and induced apoptosis by regulating the expression of Bcl-2, caspase-3/8, p53, p21, and Fas in human non-small-cell lung cancer cells [34] . After 48-h treatment with 20 μM fucoxanthin, the apoptotic rate of PC-3 prostate cancer cells was increased via caspase-3 activation associated with reduction in the expression of Bax and Bcl-2 proteins [26] . In another study, fucoxanthin isolated from U. pinnatifida revealed a remarkable inhibitory activity against the viability of human colon cancer cell lines Caco-2, DLD-1, and HT-29 through suppressing the level of Bcl-2 protein and peroxisome proliferator-activated receptor (PPAR) g [35] . Additionally, in a separate study, Zhang et al. (2008) showed that fucoxanthin significantly reduced the viability of the urinary bladder cancer EJ-1 cell line in a dose-and time-dependent manner by activating caspase-3 activity. Our study also proved that fucoxanthin promoted cell apoptosis in human cervical cancer SiHa cells, and the effect of fucoxanthin and TRALL was synergistic.
Previous studies have reported that fucoxanthin exerts its apoptosis-and cancer-preventing effects meditated by different pathways including the caspases, Bcl-2 proteins, MAPK, NF-kB, and JAK/STAT, which are involved in cell growth and apoptosis, anti-angiogenesis, or inhibition of metastasis [36, 37] . NF-kB, a family of closely related transcription factors, can be activated by many cytokines, growth factors, tyrosine kinases, tumor necrosis factor receptor families, and signaling pathways. NF-kB is often considered as a hallmark of cancer and is associated with several tumor/cancer related processes, such as cell proliferation and anti-apoptotic gene expression, as well as cancer therapy resistance [38, 39] . Furthermore, the PI3K/AKT pathway is involved in the regulation of cell proliferation, differentiation, apoptosis, and DNA repair [40] . Breast cancer cell lines MCF-7 and MDA-MB-231 stimulated with 10 to 20 μM fucoxanthin showed reduced cell viability in a time-dependent manner as a result of increased apoptosis through reducing nuclear levels of NF-kB members p65, p52, and RelB [12] . Fucoxanthin at concentration of 50 μM and 75 μM reduced apoptosis in human gastric adenocarcinoma MGC-803 cells through the JAK/STAT signal pathway [41] . We found that fucoxanthin-TRAIL inhibited cell proliferation and promoted cell apoptosis in human cervical cancer SiHa cells via suppression of the PI3K/AKT/NF-kB signaling pathway.
Conclusions
The present study investigated the anticancer effects of fucoxanthin and TRAIL using human cervical cancer cell lines. TRAIL was resistant to human cervical cancer SiHa cells. Mechanistically, fucoxanthin resulted in the promotion of cell apoptosis and enhanced the sensitivity human cervical cancer SiHa cells to TRAIL-induced apoptosis. Co-treatment with fucoxanthin and TRALL could be effective for the treatment and/or prevention of human cervical cancer.
